In the framework of the littlest Higgs model with T parity, we present complete calculations for the
I. Introduction
The standard model (SM) [1, 2] provides an excellent description of high-energy phenomena at the energy scale up to 10 2 GeV. However, several theoretical problems [3] that the SM encounters still make us confused, and drive physicists to consider new physics beyond the SM. Many extensions of the SM are proposed to deal with these problems, such as supersymmetric models [4] , extra dimensions models [5] , little Higgs models [6] , grand unified theories [7] , and so on. Among them, the little Higgs models deserve much attention due to their elegant solution to the hierarchy problem, and are proposed as one kind of electroweak symmetry-breaking (EWSB) model without fine tuning, in which the Higgs boson is naturally light as a result of nonlinearly realized symmetry [8, 9] . The simplest version of the little Higgs models is the littlest Higgs model (LH) [10] , which is based on an SU (5)/SO(5) nonlinear σ model. In the LH, a set of new heavy gauge bosons (A H , Z H , W ± H ) and a vectorlike quark (T ) are introduced to cancel the quadratic divergence of the Higgs boson mass contributed by the SM gauge boson loops and the top quark loop, respectively. However, the present precision electroweak constraints [11, 12, 13] require the LH to be characterized by a large value of the global symmetry-breaking scale f , so the fine tuning between the cutoff scale and the electroweak scale is again needed. Fortunately, this problem can be solved by introducing a discrete symmetry, the T parity, to the LH [14, 15] .
In the littlest Higgs model with T parity (LHT), all the SM particles are T -even and all the new heavy particles except T + are T odd. Then the SM gauge bosons cannot mix with the new heavy gauge bosons, and the global symmetry-breaking scale f can be lower than 1 TeV [16] . Recently, from the analyses of Higgs data from the ATLAS and CMS Collaborations combined with other experimental results, we get the constraint on the scale f in the LHT as f > 694 GeV given in Ref. [12] and f > 665 GeV provided in Ref. [13] . In the LHT, the decay channels W ∓ H → l ∓ (−) ν and Z H → l + l − are forbidden, and the probable decay modes of these heavy gauge bosons should be T -parity conserving.
What's more, the LHT offers a candidate for dark matter, called the heavy photon A H , which cannot decay into other particles. As more and more attention is paid to dark matter [17] , the precision investigation for A H production will be meaningful and necessary.
In this paper, we focus on the A H q − production up to the QCD NLO, where q − represents the T -odd mirror quark of the first two generations. A brief review of the related LHT theory can be found in Sec.II. In Sec.III, we provide our calculation strategy. The numerical results and discussions are presented in Sec.IV. Finally a short summary is given.
II. Related LHT theory
In this section, we will briefly review the LHT theory related to our calculations. For more details, one can refer to Refs. [18, 19, 20 ].
The LH is based on a nonlinear σ model describing the spontaneous breaking of an SU (5) global symmetry down to its SO(5) subgroup at an energy scale f ∼ 1 TeV. This symmetry breaking originates from the vacuum expectation value (VEV) of an SU (5) symmetric tensor field Σ, given by
(2.1)
Then the nonlinear σ model tensor field Σ can be written as Σ = e iΠ/f Σ 0 e iΠ T /f = e 2iΠ/f Σ 0 , (2.2)
where Π(x) is the "pion" matrix containing the 14 Nambu-Goldstone degrees of freedom from the SU (5)/SO (5) breaking. An [SU (2)×U (1)] 1 ×[SU (2)×U (1)] 2 subgroup of the SU (5) global symmetry is gauged in the LH, and the gauge fields W a iµ and B iµ (a = 1, 2, 3, i = 1, 2) are introduced. To implement T parity in the LHT, we make the following T parity assignment:
where Ω = diag(1, 1, −1, 1, 1). Due to T-parity conservation, the gauge couplings of the two SU (2) × U (1) subgroups have to be equal, i.e., g 1 = g 2 = √ 2g and
The T -odd and T -even gauge fields can be obtained as
group, which is identified with the SM electroweak gauge group SU (2) L × U (1) Y , and the electroweak
em takes place via the usual Higgs mechanism.
The mass eigenstates of the gauge sector in the LHT are given by
where θ W is the Weinberg angle and the mixing angle θ H at the O(v 2 SM /f 2 ) is defined as
(2.6) 
To implement T parity in the quark sector we introduce two incomplete SU (5) multiplets and an
with
which transform under T parity as Ψ 1 −→ −Σ 0 Ψ 2 , Ψ 2 −→ −Σ 0 Ψ 1 and Ψ HR −→ −Ψ HR , where τ 2 is the second Pauli matrix. q i (i = 1, 2) are the doublets under SU (2) i , and T parity exchanges q 1 and
The transformations for Ψ 1 , Ψ 2 and Ψ HR under SU (5) are as
Ψ HR −→ U Ψ HR , where V ∈ SU (5). The matrix U is a function of both V and the "pion" matrix Π, defined by using the transformation of Σ as
1 Here we only consider one generation for demonstration purpose.
where ξ = e iΠ/f .
Considering the transformation properties of Ψ 1 , Ψ 2 and Ψ HR under T parity and SU (5), we may construct the following three SU (2) doublets with definite chirality and T parity:
The T -even SU (2) doublet q SM is identified with the SM left-handed quark doublet, while q H and q HR are left-and right-handed mirror quark doublets with odd T parity. Via the Lagrangian 12) and the T -odd mirror quark q − , a Dirac fermion doublet defined as (q − ) L = q H and (q − ) R = q HR , acquires a mass of √ 2κf before EWSB. After EWSB, a small mass splitting between the T -odd upand down-type mirror quarks is induced, and the masses are given by [21, 22] 
The T -odd mirror quark sector involves two CKM-like unitary mixing matrices V Hu and V Hd , which satisfy V † Hu V Hd = V CKM [23] . The related couplings of the T -odd mirror quarks used in our calculations are listed in Table 1 [23, 24] . In the following calculations we take V Hu to be a unit matrix, then we have 
III. Calculations
Our main focus will be on the T -odd mirror quark production of the first two generations associated with a heavy photon at the CERN Large Hadron Collider (LHC) in the framework of the LHT. Based on the description of the LHT in Sec. II, our analysis only depends on two free model parameters:
the global symmetry-breaking scale f and the flavor-independent Yukawa coupling κ in the range of 0.5 ≤ κ ≤ 1.5 [25, 26] .
In the calculation of the LO cross section and the NLO QCD corrections, we adopt the 't Hooft- 
III..1 LO cross section
In the case of no quark mixing between the first two generations and the third generation (i.e.,
, only the following quark-gluon fusion partonic processes contribute to the T -odd mirror quark production associated with a heavy photon at the LHC,
Since we take V Hu = I and V Hd = V CKM , all the up-type quark-gluon fusion subprocesses are flavor conserved, and the flavor changing occurs only in the down-type quark-gluon fusion subprocesses as shown in Eq.(3.1). For each down-type quark-gluon fusion subprocess, the amplitude squared is proportional to the CKM matrix element squared induced by the A H -q − -q coupling. However, due to the unitarity of the CKM matrix, the sum of the production rates for all the subprocesses with the same initial parton flavor is free of the CKM matrix element. For example, the cross sections for the partonic processes dg → A H d − and dg → A H s − are proportional to |V ud | 2 and |V cd | 2 , respectively, but the summation of the cross sections for these two subprocesses is independent of the CKM matrix element due to the fact that |V ud | 2 + |V cd | 2 = 1. That is to say, we may consider only the flavorconserved subprocesses by taking V CKM = I and thus get the right results in the calculation of the total cross section. In the following LO and NLO calculations, we adopt this strategy by taking V CKM = I, and denote the partonic processes contributing to the A H q − associated production at the LHC as The LO cross section for the partonic process qg → A H q − can be expressed aŝ
where p is the three-momentum of one initial parton in the center-of-mass system (c.m.s.), the factors The two summations are taken over the spins and colors of all the relevant initial and final particles, separately. The integration is performed over the two-body phase space of the final particles A H and q − , where the phase space element dΩ 2 is defined as
Then the LO total cross section for the pp
can be obtained as
where G i/P (i = q, g, P = A, B) represents the PDF of parton i in proton P , x P is the momentum fraction of a parton (quark or gluon) in proton P , and µ f and µ r are the factorization and renormalization scales, respectively.
III..2 NLO QCD corrections
It is known that the NLO QCD corrections to any hadronic process include three components: (1) loop virtual correction, (2) real gluon/light-quark emission correction, and (3) PDF counterterms. To
The tree-level Feynman diagrams for the partonic process qg → A H q − .
regularize the ultraviolet (UV) and infrared (IR) divergences, we adopt the dimensional regularization scheme in D = 4 − 2ǫ dimensions.
Virtual correction
We present the QCD one-loop Feynman diagrams for the partonic process qg → A H q − in Fig.2 .
In the calculations of the QCD one-loop virtual correction, we will meet both UV and IR singularities.
To remove the UV divergences, the strong coupling constant, the wave functions and masses of related colored particles should be renormalized by introducing the renormalization constants δg s , δZ g , δZ
q − and δm q − . These renormalization constants are defined as
where we denote bare fields and constants by an index 0, g s is the strong coupling constant, G µ , ψ
and ψ L,R q − represent the fields of gluon, quark and T -odd mirror quark, respectively, and m q − denotes the mass of T -odd mirror quark. We adopt the on-shell renormalization scheme to fix the mass and wave function renormalization constants, and then obtain where
, T + is the vectorlike top quark, and T − is the T -partner of T + . For the renormalization of the strong coupling constant, we adopt the M S scheme at the renormalization scale µ r , except that the divergences associated with the massive top quark, T -odd mirror quarks (u − , d − , c − , s − , t − , b − ) and T ± loops are subtracted at zero momentum [29] . Then the renormalization constant δg s can be obtained as
It is obvious that the terms of ln After performing the renormalization procedure, the virtual correction is UV finite. However, it still contains soft and collinear IR divergences, which can be eliminated by including the contributions of the real gluon/light-quark emission subprocesses and the PDF counterterms.
Real emission correction
We denote the real gluon emission partonic processes for the A H q − associated production as
The tree-level Feynman diagrams for the real gluon emission partonic process qg → A H q − + g. and plot the related Feynman diagrams in Fig.3 . We employ the two cutoff phase space slicing (TCPSS) method [30] to isolate soft and collinear IR singularities of these partonic processes. In adopting this method, two arbitrary cutoffs, δ s and δ c , are introduced to separate the phase space can be partially canceled by that in the virtual correction, and the remained collinear IR divergence will be absorbed by the PDF counterterms.
All the real light-quark emission partonic processes for the A H q − associated production are listed below: Figure 4 : The tree-level Feynman diagrams for the real light-quark emission partonic process q ′q′ → A H q − +q. Figures.4(3)-4(4) only appear in the case of q ′ = q. The noncollinear correctionσ C q is IR finite, while the collinear correctionσ C q contains collinear IR singularity which can be canceled by the corresponding PDF counterterms.
Among all the real light-quark emission partonic processes, only q ′q′ → A H q − +q and gg → A H q − +q may have resonance effect. We present the tree-level Feynman diagrams for these partonic processes in Figs and Figs.5(1)-5(3) are also counted towards the T -odd mirror quark pair production partonic processes q ′q′ → q −q− and gg → q −q− , respectively, followed by an on-shell decayq − →qA H . Therefore, we adopt the PROSPINO subtraction strategy [32, 33] for the q ′q′ → A H q − +q and gg → A H q − +q partonic processes to avoid double counting and keep the convergence of perturbative calculations. The PROSPINO subtraction scheme is performed by making a replacement of the Breit-Wigner propagator:
where s q − is the squared momentum flowing through the intermediate q − propagator.
After adding the renormalized virtual correction with the contributions of the real gluon/lightquark emission processes and the PDF counterterms, δG i/P (x, µ f ) (i = g, u,ū, d,d, c,c, s,s), together [24, 30] , the UV and IR singularities are exactly vanished. These cancelations are verified both analytically and numerically in our calculations.
Total NLO QCD correction
The total NLO QCD corrected cross section for the hadronic T -odd mirror quark production associated with a heavy photon can be expressed as
14)
The two-body QCD correction ∆σ (2) includes the one-loop virtual correction, the cross sections for the real gluon emission processes over the soft and hard collinear phase space regions and the cross sections for the real light-quark emission processes over the collinear phase space regions, while the three-body QCD correction ∆σ (3) contains the cross sections over the hard noncollinear regions for the real gluon emission processes and the noncollinear regions for the real light-quark emission processes. Table 2 we list the masses of A H and T -odd mirror quarks for some typical values of the global symmetry-breaking scale f with κ = 0.5, 1.0, and 1.5, separately.
IV..2 Checks
The correctness of our calculations is verified in the following aspects:
1. We adopt the same PDFs and input parameters as used in Ref. [18] and find that our LO cross sections are in good agreement with the results given in Fig.8 of Ref. [18] . 
2.
After summing up all the contributions at the QCD NLO, the cancelations of UV and IR divergences are verified both analytically and numerically.
3.
We perform the verification of the δ s /δ c independence of the total NLO QCD correction. The numerical results show that the total NLO QCD correction ∆σ N LO is independent of the two cutoffs within the statistical errors. This independence is an indirect check for the correctness of our work.
In further numerical calculations, we fix δ s = 1 × 10 −4 and δ c = 1 × 10 −6 . Table 4 .
IV..3 Dependence on factorization and renormalization scale µ
IV..5 Dependence on T -odd mirror quark Yukawa coupling κ Table 5 . 
IV..6 Differential cross sections
In the LHT, A H is the lightest T -odd particle and therefore stable, while q − is an unstable particle and mainly decays into W H q ′ , Z H q and A H q. We assume the total decay width of q − to be the summation of the partial decay widths for these three main decay channels, i.e., Γ q − ≃ Γ(q − →
, and use the expressions of partial decay widths for the q − → W H q ′ , q − → Z H q and q − → A H q decay channels presented in Ref. [36] . By taking f = 800 GeV and κ = 1, we obtain Br(
For two-jet events (originating from the real emission corrections), we apply the jet algorithm of Ref. [37] in the definition of the tagged hard jet with R = 0.7. That means when two jets in the final state satisfy the constraint of ∆η 2 + ∆φ 2 < R, where ∆η and ∆φ are the differences of rapidity and azimuthal angle between the two jets, we merge them into one new "jet" and consider the event as a one-jet event with p ij,µ = p i,µ + p j,µ , and otherwise it belongs to the two-jet event. We call the jet (j 1 ) with the largest jet transverse energy (E
T ) in two-jet events the leading jet, while the jet in one-jet event is called the leading jet too. We first take the A H q − production channel with the subsequent decay q − → A H q, i.e., pp → found that the data are in good agreement with expected contributions from SM processes [38] . In Table 8 tend to concentrate in the low p T region, while the final leading jet and undetectable particles of the signal process prefer to be produced in the larger p T region compared with those of the background process. Therefore, it is possible that the SM background from the pp → Z + jet → νν + jet + X process can be suppressed if we take appropriate transverse momentum cuts on final leading jet or missing energy.
If we consider the processes pp to select the signal events of the A H q − production from its background by taking proper cuts on the final leading jet and missing energy.
